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Abstract 
The most common computational technique used to 
obtain mechanical properties of DNA is molecular 
dynamics (MD) simulation. The effects of several key 
parameters of MD calculations expected to have an 
important role in the overstretching simulations of DNA 
are investigated. Steered MD simulations are carried out 
on a 12-base pairs d(ACTG)3 oligomer, which were 
constructed in a canonical B-DNA conformation. The 
MD simulations revealed that although overstretching of 
DNA in silico is essentially a non-equilibrium process, 
integrating with 1-fs and 2-fs time steps result in the 
force-extension curves without any significant 
difference, for pulling velocity that are not larger than 3 
m/s in explicit solvent environment. The DNA pulling 
simulation with cutoff of 15 Å can increases over three-
fold compared to the case of simulation with 9-Å cutoff, 
while the measured force-extension curves do not show 
considerably differences in the two cases. Also, using 
small periodic box leads to incorrect prediction of the 
DNA behavior by MD simulations. This issue affects 
the results more significantly when the overstretching of 
DNA is simulated. It was observed that the long axis of 
DNA rotates such that the long axis becomes nearly 
along the short box dimension which will bring the ends 
of the DNA near its periodic image, especially under 
low pulling velocities.  
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Introduction 
Double-stranded DNA (dsDNA) is a biopolymer 
consisting of two helixes with nucleotide building 
blocks. DNA has different conformations inside living 
cells. DNA's elastic properties dictate a variety of its 
important biological functions. These include folding, 
packaging, regulation, recombination, replication, and 
transcription [1-3]. Moreover, it has been shown that 
DNA is a very promising material for nanomechanical 
devices. The mechanical properties of DNA are 
significant when designing nanoscale building blocks of 
molecular architectures, molecular handles for single-
molecule experiments, and programmable force sensors 
and actuators [4-6]. The dominant conformation is B-
DNA, a right-handed double helix with an effective 
diameter of ~2 nm and pitch of 3.4 nm. The most 
common computational technique used to obtain 
dynamic properties of DNA and proteins is molecular 
dynamics (MD) simulation. MD simulations provide a 

unique tool for studying atomic-level processes during 
pulling. 

The first attempt for MD simulations of DNA was 
performed in 1983 on a 12- and 24-bp fragment in 
vacuum and without accounting for electrostatic forces 
[7]. Thirteen years later, the AFM experiment of Lee et 
al. [8] motivated Kornard and Bolonick [9] to conduct 
the first DNA pulling simulation using MD approach. 
They modeled the solvent-DNA interactions implicitly 
with a sigmoidal distance-dependent dielectric function 
[10]. Pulling simulations of several double-stranded 
dodecamers, subjected to constant tension forces on 3' 
hydroxyl carbons at the two ends of the helix, showed 
that depending on sequence the unbinding force varies 
between 800 pN and 1450 pN. MacKerrel and Lee [11] 
studied the stretching of a d(ACTG)3 dodecamer in 
explicit surrounding solvent using potential of mean 
force calculations. Similar to Kornard and Bolonick [9], 
they observed an overstretching transition state and an 
elongation of about 60 Å (i.e., approximately 1.6 times 
its initial B-form length) before the complete melting 
take place. These discrepancies between the results of 
MD simulations and experiments stem primarily from a 
large difference in pulling velocities attainable by the 
two methods (pulling velocities accessible by MD 
simulations are more than 3 orders of magnitude faster 
compared to what is occurred in the laboratory). It is 
known that the two strands of a dsDNA can remain 
associated until thermal fluctuations overcome the 
energy potential. On the other hand, the free energy 
required to unbind a short dsDNA is not much bigger 
than the thermal energy scale kBT (~0.6 kcal/mol or 4.1 
pN.nm at room temperature; kB and T are the Boltzmann 
constant and the target temperature). Therefore, if the 
oligomer has a sufficient time, there is a greater chance 
that the DNA will spontaneously adopt conformations 
that lead to the separation of the two strands due to its 
inherent thermal motion [12]. However, it is expected 
that whatever the timescale of the pulling experiment or 
simulation is shorter than the natural lifetime of the 
interacting strands, a bigger force is required to unbind 
the DNA oligomer. Furthermore, if longer simulations 
are permitted by computer resources or the ability of the 
experimental equipment is improved to perform the 
tension test in higher velocities, a better quantitative 
agreement between the results of experiments and 
simulations would be obtained.  

In this paper, atomistic MD simulations are 
employed to investigate the effect of several key 
parameters of the steered molecular dynamics (SMD) 
calculations. These parameters are expected to have an 
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important role in the MD simulation of mechanical 
behavior of DNA molecule subjected to external loading, 
however, their effects have not been investigated via MD 
simulations in the literature yet. 

 
Methods 
MD simulations were carried out on a 12 base pairs 
d(ACTG)3 oligomer, which were constructed in a 
canonical B-DNA conformation. Model building were 
performed using tleap and simulations are carried out 
by sander and pmemd programs of the AMBER 12 
suite of programs [13]. Starting coordinates were built 
with the NAB program distributed with the AMBER, 
using Arnott B-DNA fiber diffraction data [14]. In all 
simulations, chemical bonds involving hydrogen atoms 
were restrained using SHAKE algorithm. Programs 
VMD [15] and Chimera [16] were used for graphical 
visualization of the MD trajectories. Two different 
types of simulations were performed: Explicit solvent 
and steered MD. 
To neutralize the negative charge on the phosphate 
groups of the constructed oligomer, firstly, 22 Na+ ions 
were added at the 22 points of highest negative potential 
on a 1 -angstrom resolution charge grid created around 
the DNA molecule (there are 22 O-P-O atom groups in 
the 22-mer [two O-P-O atom groups missing at the 
terminal] and almost 1e negative charge resides on each 
group). The system of DNA and counterions were then 
immersed in the Monte Carlo equilibrated periodic 
TIP3P water bath [17].  
The potential which atoms of the DNA molecules 
experience is mathematically described by the parm99 
force field with the parmbsc0 modifications [18]. 
Typically, a cutoff of 9 Å or 15 Å were used for the 
vdW interactions and the real space part of the 
electrostatic interactions. The PME method was used to 
describe the reciprocal space part of electrostatic 
interactions.  
Prior to start pulling process, minimization, heating, and 
equilibration was carried out in the vicinity of 1 ns 
according to a standard multistage protocol [19]. The 
equilibration of the system consists of the following 
consecutive steps: I) 10 ps MD (T = 100 K) of water, II) 
minimize water, III) minimize all system, IV) 10 ps MD 
(T = 100 K) of system with restrains in DNA (k = 100 
kcal/(mol.Å2) ), V) as IV but T = 300 K, vi) 25 ps MD 
(T = 300 K) of system with restrains in DNA (k = 50 
kcal/(mol.Å2) ), VII) as VI but k = 25 kcal/(mol.Å2), 
VIII) as VII but k = 10 kcal/(mol.Å2) , IX) as VIII but k 
= 5 kcal/(mol.Å2) , X) as IX but k = 0.2 kcal/(mol.Å2) . 
These calculations should be performed with the nucleic 
acid atoms fixed or harmonically constrained to allow 
for the solvent to relax around the nucleic acid. Once 
the solvent has adequately equilibrated around the 
solute, the entire system, including the nucleic acid, 
should be energy minimized. Pulling simulation was 
conducted in the isothermic-isobaric ensemble, typically 
using an integration time step of 2 fs, else otherwise 
stated. The constant pressure control was executed by 
isotropic position scaling [13] with reference pressure of 
1 atm and a relaxation time of 1 ps. Constant 
temperature was maintained at 300 K using Langevin 
thermostat with a collision frequency of 1 ps-1. 

Pulling DNA via Steered Molecular Dynamics 
Steered MD simulations [20, 21], or enforced MD 
simulation, is an especial technique applied in MD 
simulations. The method should be thought of as an 
umbrella sampling where the center of the restraint is 
time-dependent. SMD simulations are used in this work 
to compute the forces exerted on DNA during 
mechanical manipulation, when DNA is elongated. This 
technique is widely used in computational biological 
science whenever a forced transition in a molecule must 
be observed. This approach has the advantage that it 
corresponds closely to micromanipulation through AFM 
or optical tweezers. 
The DNA double helix contains two anti-parallel 
strands (whose orientation is conventionally defined as 
5′→3′ on the basis of the sugar linkages of each 
nucleotide), pulling of DNA is carried out in two 
different ways: a) using the two 3′ termini (3′3′ pulling) 
and b) using the two 5′ termini (5′5′ pulling). 
 
Results and Discussions  
The effect of several key parameters of the SMD 
calculations expected to have an important role in the 
simulation results is discussed.  

The Effect of Integration Time Step 
The overstretching of DNA in silico is essentially a non-
equilibrium process. To inspect if we are permitted to 
use a 2-fs time step for the non-equilibrium simulations, 
several pulling simulations at different velocities were 
performed by selecting time step dt = 1 fs and dt = 2 fs. 
Figure 1 shows the corresponding force-extension 
profiles obtained for the d(ACTG)3 dodecamer under 5' 
pulling with velocities of 10, 3, and 0.5 m/s. It is 
observed that the results obtained from the MD 
simulations with time step of 1 fs and 2 fs show a good 
agreement, especially for the pulling velocities lesser 
than 3 m/s, which can because of employing the 
SHAKE algorithm to constrain bonds to hydrogen. 
Therefore, although overstretching of DNA in silico is 
essentially a non-equilibrium process, integrating with 
2-fs time step result in acceptable force profiles, for 
stretching velocity that are not very high. In the present 
research we always use a 2-fs time step for the 
simulations with pulling velocities lesser than 3 m/s, 
unless otherwise stated. 

The Effect of Cutoff 
To investigate how the value of cutoff for Lennard-
Jones interactions and the real space portion of 
electrostatic interactions can affect the force-extension 
curves, an additional pulling experiment with cutoff of 
15 Å was performed on the d(ACTG)3 oligomer. The 
molecule was pulled from the 5' termini with the 
velocity of 3 m/s. The obtained force-extension profile 
has been compared with that is obtained by applying a 
9-Å cutoff, in similar conditions, through Figure 2. It 
should be noted that the simulations with cutoff of 15 Å 
are very expensive; the wall time required for the 
pulling simulation with cutoff of 15 Å increases more 
than three-fold in comparison with the case of 
simulation with 9-Å cutoff for our model. However, the 
resulted force-extension curves do not show an 
egregious difference in the two cases (cf. Figure 2). 
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Figure 1. Force-extension profiles obtained for a d(ACTG)3 dodecamer under 5'5' pulling with different velocities and MD time 
step of 1 fs and 2 fs. 

The Effect of Water Box Size 
Application of periodic boundary conditions means that 
in fact a crystal is simulated. Use of finite or minimum 
image periodic boundary conditions mean that when a 
cutoff radius is used for non-bonded interactions, it 
must be smaller half the distance between an atom and 
its nearest periodic image. This condition yields a lower 
bound to the box size as a function of the cutoff radius. 
However, when choosing box size for a biomolecule 
such as DNA in solution yet another stricter condition is 
to be satisfied: Parts of the biomolecule should not 
interact with a periodic image of other parts of it, in 
order to avoid aggregation of the biomolecule with its 
periodic images. So, the distance between any atom of 
the DNA and any atom of any periodic images must be 
larger than the cutoff radius. A common 
recommendation based on simulations of DNA is to 
require at least 1 nm of buffer of water molecules 
around the molecules of interest in every dimension 
[22]. However, the effects of solvation shells on the 
observed dynamics – in simulation or in experiment – 
are not well understood. [23]. 
The effect of water box size on the results was 
examined by immersing the d(ACTG)3 duplex in a 
periodic water box having a size of 5.4 nm × 5.3 nm × 
8.7 nm (see Figure 3). The box contains 6954 TIP3P 
water molecules. 
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Figure 2. Plot of the force versus extension of a d(ACTG)3 
dodecamer obtained by applying MD cutoff of 0.9 nm and 1.5 
nm. Pulling velocity: v = 3 m/s. Pulling orientation: 5'5' 

These dimensions were used for the water box to ensure 
both ends of the stretched DNA cross two faces of the 
box during the pulling simulation (see Figure 4). The 
DNA molecule was pulled from the 3' ends with 
velocity of 1 m/s using SMD method. Figure 5 
compares the resulted force-extension curve with that is 
obtained from the pulling simulation in similar 
conditions, but in a sufficiently large water box of 5.4 × 
5.3 × 15.4 nm3 with 12946 water molecules. Unlike the 
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Figure 3. Top (a) and side (b) views of the model of a 

d(ACTG)3 dsDNA and Na+ counter ions solvated in a small 
3D water box for shear pulling. 

small box simulation, during the second simulation the 
two ends of the stretched duplex never cross two faces 
of the water box at the same time. Figure 5 shows that 
up to near the yield point the two curves are in good 
agreement, but then at an extension of ~2 nm the curve 
of the small box diverges from one is obtained in a large 
water box. The discrepancies increase again in middle 
of the strain hardening region (x ≈ 4.8 nm) and ended 
with a premature unbinding of the dsDNA solvated in a 
small water box. Figure 6 shows variations of the 
distance between O1P atom of the 4th residue and the 
first period image – in +y direction – of O1P atom of the 
12th residue the for the small box simulation. In vicinity 
of x = 2.3 nm, the distance between O1P of 4th residue 
and the image of O1P atom of 12th residue becomes 
less than 1.2 nm. This issue could be the reason of the 
incorrect prediction of the DNA behavior by the MD 
simulation. Figure 7 shows a snap shot of the stretched 
DNA and its periodic image in +y direction taken from 
the small water box simulation at an instant that the 
distance between O1P of 4th residue and the image of 
O1P atom of 12th residue is ~0.8 nm. This corresponds 
to an extension of ~2.7 nm. It is seen that the long axis 
of DNA has rotated – via self-diffusion – such that the 
long axis has been nearly along the short box dimension 
which will bring the ends of the DNA near its periodic 
image. 
It should be noted that similar unusual results may take 
place when one end of the DNA is fixed during the 
SMD simulations and the other end of the stretched 
cross one face of the water box (data are not shown). 
It is remembered that the DNA can be stretched to more 
than double its contour length, therefore the box must be 
elongated along the helix axis. The size of the simulation 

 
Figure 4. Snap shot of the stretched dsDNA solvated in a 

small water box after ~5.4 ns pulling simulation (side view). 
The two ends of the stretched DNA have crossed two edges of 

the box. 

box must also be large enough to prevent periodic 
artifacts from occurring due to the unphysical topology 
of the simulation. In a box that is too small, a 
macromolecule may interact with its own image in a 
neighboring box, which is functionally equivalent to a 
molecule's “head” interacting with its own “tail”. This 
produces highly unphysical dynamics in most 
macromolecules, although the magnitude of the 
consequences and thus the appropriate box size relative 
to the size of the macromolecules depends on the 
intended length of the simulation, the desired accuracy, 
and the anticipated dynamics. For example, simulations 
of protein folding that begin from the native state may 
undergo smaller fluctuations, and therefore may not 
require as large a box, as simulations that begin from a 
random coil conformation. However, the effects of 
solvation shells on the observed dynamics – in 
simulation or in experiment – are not well understood. 
In additions, our simulations revealed that due to self-
diffusion, the DNA can fluctuate sorely during 
stretching, especially under low pulling velocities. This 
fact obligated us to extend the rectangular box along the 
non-longitudinal axes more than what has been 
traditionally considered in the previous studies of DNA 
stretching [24-28]. 
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Figure 5. Comparison of the force-extension curves obtained 
for a d(ACTG)3 DNA solvated in the small and large water 
boxes. Pulling velocity: v = 1 m/s. Pulling orientation: 3'3'. 
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Figure 6. Variations of the distance between O1P atom of the 
4th residue and the first period image of O1P atom of the 12th 
residue. The results were obtained for a d(ACTG)3 dodecamer 
solvated in the small size water boxes. Pulling velocity: v = 1 
m/s. Pulling orientation: 3'3'. The curves are smoothed using 

the LOESS approach. 

Depending on the molecule sequence, pulling 
orientation and pulling mode (pulling constraint), the 
DNAs must to be solvated in the water boxes of 
different dimensions. For instance, simulating 
unzipping process of a d(ACTG)3 dodecamer needs 
the DNA be surrounded with enough TIP3P water 
molecules so that box dimensions are approximately 
13.7 nm × 13.6 nm × 14.0 nm. The final system 
contains 77137 water molecules and the total number 
of atoms in the system is 232193. 

 
Figure 7. Snap shot of the stretched dsDNA solvated in a small 
water box and its periodic image in +y orientation simulation. 

The figure shows the instant at which the distance between 
O1P of 4th residue and the image of O1P atom of 12th residue 

is ~0.8 nm, ~2.9 ns after initiation of the pulling simulation 
(side view). 

 
Conclusions 
The parametric SMD simulations revealed that although 
overstretching of DNA in silico is essentially a non-
equilibrium process, integrating with 1-fs and 2-fs time 
steps result in the force-extension curves without any 
significant difference, for pulling velocity that are not 
larger than 3 m/s in explicit solvent environment. The 
additional explicitly solvated simulations with cutoff of 
15 Å showed that the wall time required for the pulling 
simulation with cutoff of 15 Å can increases over three-
fold compared to the case of simulation with 9-Å cutoff, 
while the measured force-extension curves do not show 
an egregious difference in the two cases. Investigation of 
the water box size revealed that taking a small periodic 
box leads to incorrect prediction of the DNA behavior 
by MD simulations. This issue affects the results more 
significantly when the overstretching of DNA is 
simulated. It was observed that the long axis of DNA 
rotates – via self-diffusion – such that the long axis 
becomes nearly along the short box dimension which 
will bring the ends of the DNA near its periodic image, 
especially under low pulling velocities. This suggests 
that the rectangular box along the non-longitudinal axes 
should be extended more than what has been 
traditionally considered in the previous studies of DNA 
stretching. 
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